INTRODUCTION: BETTER SCIENCE TO SECURE UNIVERSAL ACCESS TO ELECTRICITY
Faster, more inclusive, and truly durable development holds the key to addressing all three components of the energy conundrum: energy access, energy security, and climate change. Renewable energy is the only source of energy that is relevant to all three components above, as it can help increase energy access, enhance energy security, and mitigate climate change in almost all socio-economic and geographic settings.
Government, business and academia need to join forces to solve the energy conundrum. Specifically, the primary role and contribution of the scientists is to collect, systematise, analyse and synthesise relevant information. The continuous progress of information and communication technologies (ICT) enables the use of satellite and remote sensing data in support of energy planning. Indeed, these technologies have introduced a new paradigm where new technologies complement or even substitute traditional information gathering (e.g. statistical surveys or censuses) that are generally costly, laborious and, thus, unsuitable in a developing country setting.
To date, an incipient set of tools, that combines renewable energy sources (RES) potential data with a range of environmental, technical and socio-economic variables, has emerged. Some of them are available as independent software packages, either proprietary or open source. Others are webbased applications that allow on-the-fly data processing and/or online information gathering. These tools, often developed with the support of international organizations, aim to revolutionise the way low-income countries design and implement their energy planning, particularly in rural areas. The present study reviews the existing open-source geospatial tools, analyses their characteristics, identifies tendencies in their development, and underlines future needs for their further development.
Early pioneer tools mainly focused on the design of specific off-grid projects. Their functionalities allowed to (i) optimise the various components of renewable-and conventional-energy systems (HOMER Energy, 2009; Lambert, Gilman, & Lilienthal, 2006; RETScreen Clean Energy Management Software, 2016; Sinha & Chandel, 2014) , and (ii) map renewable energy resources (United Nations Environment Programme, 2009 . As the needs to consider energy access targets, and reflect the financial and policy debates became apparent, geo-referencing capabilities were incorporated in the tools. The first generation of such tools provided analyses disaggregated by geographic coordinate, with a focus on techno-economic constraints (Szabó, Bódis, Huld, & Moner-Girona, 2011 , rural electrification needs (ECREEE, 2015; IED, 2009; Kemausuor, Adkins, Adu-Poku, Brew-Hammond, & Modi, 2014; RE2nAF. Joint Research Centre-European Commission, 2014) , and market opportunities in the context of expanded energy-access (The World Bank Group, 2016; UNDESA, 2016) . These tools predate the United Nations Sustainable Development Goals (SDGs). The future next-generation tools could easily incorporate additional attributes that support the tracking of progress with the UN SDGs, using relevant indicators (Africa Progress Panel, 2017; IEA International Energy Agency & The World Bank, 2017; World Bank, 2015) .
The literature dealing with access to modern energy can be divided into two main strands of work. Researchers in the engineering and energy sciences have focused on the technical aspects including the assessment of the RES potential (Edenhofer, Pichs-Madrga, Sokona, & Seyboth, 2012; ESMAP, 2016 ; Joint Resarch Centre (European Commission) & PVGIS JRC-European Commission, 2015), technology learning rates (Birol, 2010; Nemet, 2006) , technology-and region-specific unit costs (Baurzhan & Jenkins, 2016; Casillas & Kammen, 2010; Moner-Girona, Ghanadan, Jacobson, & Kammen, 2006; Szabó et al., 2011; Taylor & So, 2016) ; and grid optimisation (Chattopadhyay, Bazilian, & Lilienthal, 2015; Kemausuor et al., 2014) . Researchers in the public policy sphere have focused on broader issues, such as the barriers to technology deployment and diffusion, the social equity implications of electrification programmes, financial condition of scaling up investments, and the economics of RES deployment (often with a supranational or global focus) (Gujba, Thorne, Mulugetta, Rai, & Sokona, 2012; IEA International Energy Agency, 2011; Moner-Girona, Szabo, & Rolland, 2012; Staffelstein et al., 2011; Timilsina, de Gouvello, Thioye, & Dayo, 2010) . A review of the literature reveals that a number of evaluative analyses have been conducted, focused on some of the individual web-based open-source tools analysed here (IED, 2009; Kemausuor et al., 2014; RE2nAF. Joint Research Centre (European Commission), 2016; UNDESA, 2016) .
The present paper adds to the existing knowledge in two ways. Firstly, reviews the main georeferencing open-source web tools (see section 0) aimed at helping the planning of actions to promote access to modern forms of energy. This qualitative review is conducted through a PESTLE analysis (Political, Economic, Social, Technological, Legal and Environmental) (Bhattacharyya, 2014) , tailored to position the different tools in the broader social, policy related, and economic framework. By doing so, the strengths and weaknesses of existing tools are identified (see section 0). A second review is structured around a SWOT analysis (Strengths, Weaknesses, Opportunities and Threats) (Mendes, Ioakimidis, & Ferrão, 2011) , which identifies a number of political, economic, social, technological, environmental, and legal factors that could define features of the next generation tools. The aim is to support the development of the next generation tools that will help both project developers and policy makers in their efforts to identify sustainable energy solutions for poor communities. Future improvements & evolution for the tools energy access targets. Accordingly, we point out possible synergies between the functionalities of the different tools, and in this way support the development of future integrated tools. Such a crossfertilisation is an ongoing process among institutions that developed some of the tools (e.g. RE 2 nAF, ECOWREX, ONSET). Joint efforts include collaboration between the developers at the technical level, and the development of cloned tools that cover different geographical areas than the originals. Future tools should also consider datasets, repositories and platforms (IEA International Energy Agency & The World Bank, 2017; IIASA, 2014; IRENA, 2017a IRENA, , 2017b OECD/IEA, 2010; Panos, Densing, & Volkart, 2016; REN21 et al., 2017; Sustainable Energy For All, 2012 ; The World Bank/ESMAP & International Energy Agency, 2017; World Bank, 2015; World Resources Institute (WRI), 2017) related to energy access. Such sources could also complement the potential of the specialised tools and enhance their functionalities. 
Methodology to identify functionalities of the existing tools
In the methodological comparison using the PESTLE analysis the different tools were ranked according to their input and output data. This included an analysis of the degree to which the tools incorporate information on energy technology, population/demographic information, along with geographic and spatial information. Part of the analysis also assessed the readiness of the tools to answer policy questions and support investment plans. This includes the tools' ability to simulate the regulatory/legal framework and provide cost estimates. 
Assessment of tool complexity to track the evolution of energy access
To assess the complexity of the different tools we use a straightforward multiple-criteria decision analysis (MCDA). The MCDA evaluates the identified tools in terms of the attributes that are relevant to incorporate the progression of energy access (See Figure 2 and Table I ). The allocation of weights to each of the attributes reflects their relative importance, while the allocation of scores to each option reflects the way it performs in relation to each attribute. The result is a single weighted score for each tool (DI, Degree of integration), which may be used to indicate the capacity of each tool to evaluate energy access, as well as to comparatively place it among other tools. . The principles to identify the criteria are based on what factors can be quantified and tracked in a representative approach. We do this through a simple quantitative scoring mechanism, which compares the tool's performance against an 'ideal' performance level and assigns scores (from 0 to 3) on this basis. A quantitative score (from 0 to 5) is assigned to each ranking criterion (RCj in Figure  3 ) in terms of energy access, drawing on insights from relevant literature, the rural electrification's objective, and the SDG's indicators (Aly, Jensen, & Pedersen, 2017; Bazilian et al., 2012; Casillas & Kammen, 2010; Hancock, 2015; IEA International Energy Agency, 2011; Larsen, Ackom, & Mackenzie, 2016; Lemaire, 2015; Moner-Girona, Szabo, & Bhattacharyya, 2016; OECD/IEA, 2010; Pachauri et al., 2013; REN21, 2016; World Bank, 2015) . The elicitation of expert judgements, through consultations such as the one that we conducted, is a well-established method for obtaining data that cannot be monitored or modelled. The literature on expert judgement elicitation (in this study the weighting factor) highlights the importance of sampling a representative set of experts, covering all points of view, and the importance of using the same template for all experts -one that is as simple and objective as possible. A well know report from 2009 includes key literature references in this area (Morgan et al., 2009) : In keeping up with the requirements referred to above, our elicitation of possible values for the weighting factors involved 15 experts with a wide range of expertise, as evidenced by the fact that they are active in all the areas on which the tools have been appliedfrom infrastructure planning to economic analysis to developmental policy making and academia. The least-favourable criterion is assigned a value of 0, while the most favourable criterion is assigned a value of 5 (see Table A .III). The weighted sum score for each analysed tool, DI, when all the energy dimensions are considered simultaneously, is defined as:
Where: N: number of weighted factors (DCi) incorporated in the tools M: number of criterion for each ranking criterion (RCj) wj: relative weight of importance of the ranking criterion RCj eij: performance value of tool i when evaluated in terms of criterion RCj
The tools analysed in this paper were developed before the United Nations SDGs, and their associated set of indicators, were introduced. Nonetheless, it is instructive to explore the extent to which the relevant SDG indicators (Bhattacharyya, 2014) are consistent with the criteria used to rank the tools (Table A IV and arrows in Figure 3 ). Doing so makes it possible to identify data and analyses that next generation tools could provide, with a view to supporting efforts to monitor -and ultimately help achieve -the United Nations SDGs.
RESULTS: FACTORS FOSTERING THE DEVELOPMENT OF NEXT GENERATION TOOLS AND NEW SCIENTIFIC CONTRIBUTIONS
The PESTLE analysis (Political, Economic, Social, Technological, Legal and Environmental) has been used together with a multi-criteria analysis to analyse the tool availability of integrating the energy related SDGs goals. The identified attributes are the base for a quantitative assessment of access to modern forms of energy. The more attributes a tool incorporates, and the more completely it does so, the better the tool can serve its users and facilitate the integration of the energy-related SDGs (see Figure 4 ). Two trends become apparent (Figure 4 ). Firstly, 'Network Planner' and 'Off-grid Energy Market Opportunities' seek to serve very specific niches (grid extension and private investment opportunities, respectively). For this reason, these tools do not attempt to incorporate any of the attributes that are not directly relevant to performing their core function. Secondly, all other tools aim to fully incorporate as many of the above attributes as possible. RE2nAF and ONSSET are the least-focused with regard to the attribute 'market conditions', whereas ECOWREX is weaker with regard to the attributes 'distributional impacts' and 'geographical coverage'.
Thirdly, the family of RE2nAF, ONSSET and ECOWREX represents the most recently developed tools. They follow a very similar methodology (ECREEE, 2013) (their interaction is marked with a blue discontinuous line in Figure 4 ) and improve older tools by performing better with regard to most of the attributes listed in Section 0 above, notably geographical coverage and geospatial data, renewable energy shares and reliance on clean energy.
Fourthly, in spite of their similarities, RE2nAF, ONSSET and ECOWREX were created with different purpose, a fact that justifies their differences. RE2nAF has a distinct focus on rural electrification in Africa, while ONSSET is not limited to rural electrification options, but also covers total costs for universal electricity access under different scenarios. ECOWREX brings together existing and newly obtained data on renewable energy for West Africa. REN2AF uses layers approximating the electricity use/demand by applying a fixed modular size of an off-grid PV/diesel project making it possible to find the least cost options in each location (Szabó et al., 2011) .
Finally we should highlight that there are few online map catalogues (IRENA GlobalAtlas (IRENA International Renewable Energy Agency, 2015), IIASA Energy Access Tool (IIASA, 2014), NREL (NREL, 2012), SWERA (United Nations Environment Programme, 2009), IRENA Project Navigator (IRENA, 2017a), IRENA Sustainable Energy Marketplace (IRENA, 2017b)) that provide additional layers/datasets on resources that could be used in the tools. These catalogues already include some of the results from the tools.
DISCUSSION: TOWARDS A NEXT GENERATION OF WEB-BASED TOOLS FOR RURAL ELECTRIFICATION
Next generation tools would benefit from integrating the indicators associated with the energyrelated SDGs (SDG 7), thus making it possible to assess different policies and scenarios for achieving universal access to modern forms of energy by 2030. The process of upgrading these tools would be driven by organisational mandates, as opposed to a bottom-up plan to bridge key gaps, with a view to supporting effectively energy-sector and developmental agendas. The appeal of such advanced future tools would lie in their ability to track the evolution of energy access under different electrification strategies.
A decision-making technique, the SWOT analysis (Strengths, Weaknesses, Opportunities and Threats), was used to identify the existing gaps and potential future improvements of existing georeferencing electrification tools. SWOT incorporates strategic analyses for decision making (Mendes et al., 2011) in order to identify the domains where future electrification design tools can ideally contribute to the information needed/requested by policy making and business processes. The PESTLE analysis and the resulting spider graphs enable us to point out where the existing tools have advantages and where their performance lags behind.
The SWOT analysis ( Figure 5) gives two additional results: it shows the strong and weak points of the presently used approaches in designing energy access and gives directions where the future opportunities of electrification tool development lie. It also points out where lack of data or the complexity of integration can hinder important functions to be incorporated.
By merging the individual spider graphs into an aggregated one (grey spider in Figure 5 ), the analysis highlights the already existing strengths and weaknesses of the potential future tool that could be available by merging the different but already functional services of the present tools. Most of the strengths are connected to the techno-economic analysis, and their geographical interpretation that enables the users to understand local resources' availability. Through this, the main stakeholder groups can use the tools in a focused way in their decision-making processes, ranging from investment decision to setting-up national electrification master plans. Most of the weaknesses lay on the reliability and scarcity of relevant information mostly in the legal and political domains. Even though these domains can be hard to integrate as they are difficult to be characterised as single numeric parameters, international organisations like the World Bank have systematically collected in the last decade social parameters that could be used to describe relative tendencies by ranking indexes in permitting processes and governance. These relative advantages/disadvantages could be displayed alongside the numeric calculations on competitiveness in complementing layers. An additional issue is that most tools are developed (geographically) far from their application sites. This is an additional obstacle, since developers do not have direct collaboration/link/contact with every stakeholder that collects/handles/manages the data.
Beyond this, the functions where the different existing tools perform at different levels identify the future opportunities. In these functions, adding the existing services/domain to the other tools can bring added value to the future tools, building on data/information collected, processed and already demonstrated by at least one of the existing tools. The domains where all the reviewed tools perform inadequately, we highlight those areas where new expertise needs to be brought in the tool development or new methodologies are needed to integrate existing data or metrics/indicators. The social domain is a typical example in this respect. Poverty indexes are available not only at countrylevel, but at a much more detailed level. Despite this, none of the web-based tools have integrated social aspects effectively (including inequality issues, gender, and marginalised social groups). Fully integrating these indicators could serve as one of the most important parameters in prioritising the different regions in electrification, as the declared target of energy access is poverty alleviation.
Integrating ease-of-doing-business index in the tool functionalities would upgrade the usability of the future tools. The ongoing development of monitoring SDG indicators can also expose new possibilities for the future tools. Identifying these up-coming user needs would increase the value of the design tools. It may also lead to additional traceability of impacts on policy and investments decisions, which was a prominent goal of many of the tools. The existing web-based tools so far focused on technology competitiveness. Surprisingly they only provide limited information on the climate implications of technology choices. Finally, the future tools' development could encourage strategic partnership between the organisations involved, combining tools in planning as a way to complement on strengths and smooth over the weaknesses, leading to innovative crossorganisational solutions. Most of the threats identified are connected to the insufficient local data that in certain domains are quite common due to outdated or missing census data. A general problem of the adaptability of the tools to country level governance conditions is also a risk that can be overcome by involving the local expertise and know-how of the government and investment stakeholders.
The SWOT analysis thus enables to point out where the quick "low-hanging-fruit" are to be picked in the future tool developments (indicated by arrows pointing out), and where are the threats (indicated by arrows pointing in), of neglecting essential but more complex functions that may prove to be more intricate to incorporate but would bring on board greater benefits to the stakeholders. Most of the tools discussed in this paper were designed to frame electrification options for the decision makers and investors that shape the future of energy access. The social and environmental impacts of specific policy/technology choices are not yet integrated in any of the existing interactive tools. The examination of political, economic, social, technological, environmental, and legal factors included in the tools is supported by a PESTLE analysis (see Figure 3 and Figure 4) . In context to this paper, the PESTLE criteria focus on issues which the tool should address in order to support policy makers and developers to adopt sustainable energy solutions that can help communities to achieve sustainable livelihoods and the sustainable development goals in terms of energy. The list criteria used for the analysis mostly covers country (or entity) readiness to market acceleration, but may miss out other criteria such as participation, levels of decision making, incentives for domestic private sector. A big challenge for next generation tools is the integration of issues such as capacity/capability, quality of decision making, public administration. The current selected criteria are strong on the quantitative elements, but struggles in capturing the qualitative dimensions.
During the development of the next generation tools some of the different methods applied could be harmonised (for example, which tool includes what optimisation function under which options, the comparative functions on resources or their economics, the different financial conditions/functions). An important and complex challenge for the tools` capabilities is to incorporate linear infrastructures from economic engineering point of view: to go beyond buffer zones, to base zoning or weighting various load centres together and taking account of the "last mile" phenomenon (percentage of population not connected to the grid even being few meters from the existing low voltage lines) (Lee et al., 2016) in many countries where connection is expensive. The original approach of defining buffer zone based on the available network was an initial simplified way of delineating the competiveness of off-gird/grid solution but having now the possibility of more detailed data on population/building distribution enable to make a more complex delineation of the technical solutions. This convergence and combinations amongst the pioneering tools would enhance credibility and usefulness for the decision makers.
-Local information: i) Options to include local parameter by the users (loads, if they have productive uses beside the households' consumption). ii) Integration of population centres (social centres, market places, public institutions, educational and health centres) can provide basis of actual demand and system sizing instead of the approximation above. iii) Incorporation of "Built up area" data could further refine the analytical function of the tools -Ultimate policy support ambition: i) Creating comparative function to show how the different policy/regulatory options could perform in the same country/region. ii) Mandates and, associated to these, funding, have constrained efforts to improve this kind of tools. iii) Cooperation between agencies is needed to break down this institutional barrier, and catalyse the development of a 'better tool'. -Synergies and Cooperation: i) No tool should try to be all things to all people: realistically, a tool may need adapting, to serve different purposes. ii) Extent to which, in a specific local context, different development goals, notably those included in the UN SDGs, are mutually reinforcing (as opposed to resulting in potentially unacceptable trade-offs or, in the worst of cases, undermining one another).
CONCLUSIONS
Open access interactive web tools, capable of analysing different opportunities to increase access to sustainable electricity, constitute a new approach for supporting planning and analysis the energy access policies of each country. Due to the many potential benefits related to the introduction of these tools, this paper identified the needs for enhancing viable tools to incorporate the relevant environmental, economic and social aspects of sustainability. The analysis was summarised in the SWOT/PESTLE chart, took into account a number of criteria aiming to pave the path for the next generation of electrification design tools building on experience gained from the use of the existing ones. The present research revealed possible strategic improvements that range from the incorporation of new input parameters (i.e. social, population, governance, legal), advanced design characteristics (combination of numeric analysis with indicators), to the expansion of functionalities (calculation of greenhouse gas emissions, energy demand, load profiles).
Naturally, tools are designed in different contexts and may serve specific purposes. Thus, it is not necessary to develop a single tool that incorporates all the dimensions mentioned above. The existence of a "pool" of geo-referencing open-source tools with different characteristics is desirable, as it allows a wider range of applications and solutions.
The SWOT/PESTLE analysis has allowed us to identify a number of areas on which additional research in the areas of energy access and climate change could catalyse a quantum leap in our ability to conduct sound energy planning and monitor progress with the main energy sector-related SDGs. We are planning a follow-up study including interviews of end-users that could help the reader understand how each of these tools are effectively used and help to understand if the tools help to take decisions and give insights on how they are used and who are the main users.
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